Background: Single-cell RNA-seq (scRNA-seq) has recently emerged as a revolutionary and powerful tool for biomedical research. However, there have been relatively few studies using scRNA-seq in the field of kidney study. Summary: scRNA-seq achieves gene expression profiling at single-cell resolution in contrast with the conventional methods of gene expression profiling, which are based on cell population and give averaged values of gene expression of the cells. Single-cell transcriptomic analysis is crucial because individual cells of the same type are highly heterogeneous in gene expression, which reflects the existence of subpopulations, different cellular states, or molecular dynamics, of the cells, and should be resolved for further insights. In addition, gene expression analysis of tissues or organs that usually comprise multiple cell types or subtypes results in data that are not fully applicable to any given cell type.
Introduction
Gene expression profiling is a routine approach to dissect the molecular mechanism underlying physiological and pathological processes. People have to use tissues and even organs which consist of many cell types for gene expression studies due to the requirement of a large amount of RNA in microarray or RNA-seq analysis. This "bulk" gene expression profiling has obvious drawbacks in that the expression level of a gene is the averaged value of all individual cells of the same or different cell types and that the alterations of gene expression may occur in different cells but are considered to be in the same ones and interact with each other, resulting in misinterpretation of the data. Therefore, examining gene expression in single cells has long been desired by researchers, and efforts to achieve this have been made over the last decades [1] .
The importance of single-cell gene expression analysis includes (1) more accurate interpretation of gene expression data in individual cells, particularly concerning the interactions of genes with altered expression, (2) identification of cell types, including new cell types or subtypes, that are involved in disease progression, and (3) acquisition of gene expression snapshots during cellular transition from one state to another, enabling identification of activated regulatory network and signaling pathways at a particular cellular state.
In this review article, we will describe (1) the history of single-cell analysis, (2) the development of single-cell RNA-seq (scRNA-seq) technology, (3) the major uses of scRNA-seq, (4) various scRNA-seq analyses coupled with other features and their uses, (5) current studies of the kidney using scRNA-seq, and (6) perspectives on scRNAseq for kidney research.
Brief History of Single-Cell Gene Expression Analysis
A typical cell has less than 1 pg of mRNA, making it extremely difficult to analyze its gene expression. To overcome sample insufficiency of mRNA from single cells, Eberwine et al. [1] designed an approach to amplify mRNA by microinjecting a primer tagged with T7 promoter sequence, nucleotides, and enzymes to a living neuronal cell such that mRNA can be converted to cDNA. The T7 promoter on each cDNA molecule then drives RNA synthesis, resulting in amplification of RNA over a million-fold. Unfortunately, since there was no highthroughput assay (e.g., microarray or RNA-seq) for global gene expression at that time, the amplified RNA had to be used for detection of the expression of genes of interest by probes or PCR. Several pieces of other earliest work of single-cell analysis were also performed to examine the expression of a limited number of genes of interest [2] [3] [4] . It should be pointed out that these earliest studies all noticed that morphologically identical cells were heterogeneous in gene expression.
A decade later, microarray technology was developed for gene expression analysis, making global single-cell gene expression profiling possible. Tietjen et al. [5] performed single-cell cDNA PCR amplification and analyzed the products with microarray. They found that gene expression during the differentiation from an olfactory progenitor cell to a mature sensory neuron is highly dynamic. A similar approach was taken to profile single-cell gene expression during pancreatic development, and numerous novel genes and several key signaling pathways involved in the development of the pancreas were identified [6] . Several years later, scRNA-seq was developed.
The Development of scRNA-seq Technology
With the advent of RNA-seq technology [7] , scRNAseq has replaced single-cell microarray for the obvious advantages of RNA-seq over DNA microarray, including resolution at a single nucleotide, ability to distinguish different isoforms and allelic expression, possibility to identify new transcripts, low sample quantity requirement, and low cost [8] . Tang et al. [9, 10] established the scRNAseq method and applied it to single blastocyst cells analysis. With scRNA-seq, they detected more expressed genes compared with microarray and identified novel genes; in addition to blastocysts, they also performed scRNA-seq on oocytes lacking Dicer.
In scRNA-seq, RNA needs to be converted to cDNA, which is then amplified for sufficient quantity for sequencing. For amplification, the Smart-seq method was designed in which full-length mRNA is reverse transcribed followed by cDNA amplification using PCR. This method allows identification of alternative transcript isoforms and single nucleotide polymorphisms [11, 12] . Alternatively, a method termed CEL-seq has been developed in which barcode-and T7 promoter-containing primers are used to reverse transcribe each mRNA molecule into cDNA, followed by in vitro transcription of complement RNA, resulting in a sufficient amount of cRNA for sequencing [13] .
Although scRNA-seq can be used for single-cell gene expression profiling, in the early studies of scRNA-seq DOI: 10.1159/000492470 each single-cell sample had to be handled individually, including single cell collection, cell lysis, RNA extraction, and cDNA synthesis and amplification. This made simultaneous scRNA-seq of a large number of cells difficult and even impossible. The manually operating procedure typically allowed only several dozen single cells being processed at a time. High-throughput methods for single cell isolation and processing on a large scale were highly desired.
In 2013, the Fluidigm C1 Auto Single-cell Separation and cDNA Prep system was launched. This is a microfluidic system that traps single cells in 96 or 384 chambers each run, followed by cell lysis, RNA reverse transcription, and cDNA PCR amplification [14, 15] . The cDNA generated from each single cell is sufficient for library construction and sequencing. Although this is the first automatic system for scRNA-seq, much more efficient systems have soon developed, e.g., Drop-seq [16, 17] .
Drop-seq is a platform in which individual cells are separated into nanoliter-sized aqueous droplets and then mixed with a unique barcode to label the cDNA molecules from each cell identically by the unique barcode. Then the cDNA from thousands of cells can be mixed, amplified, and sequenced simultaneously. The resulting sequences are sorted according to their unique barcode for each single cell. This platform is high throughput with extremely low cost [16, 17] .
Most recently, several variant methods have been created, e.g., microwell-seq [18, 19] , in which a single-cell suspension is added onto a gel plate containing thousands of wells on the surface with a size for just one cell. After single cells have been trapped in the individual microwells, magnetic beads bound with oligos that contain the sequences of barcode, unique molecule index, and poly(dT) are added onto the gel. Due to the limited space of the microwells with one cell, only one bead is allowed to get into the well to capture the mRNA molecules of the cell through poly(A). Next, the beads are collected and combined, and subjected to cDNA reverse transcription and amplification followed by sequencing.
Most recently, Rosenberg et al. [20] created a simpler, but more powerful, method for scRNA-seq which they call SPLit-seq. This method is suitable for fixed cells and nuclei and uses the cells or nuclei themselves as the reaction chamber (not like other systems that use chambers, microwells, or aqueous/oil droplets) for cDNA preparation. All cells are then pooled for cDNA PCR amplification and sequencing. The idea for this method to distinguish RNA/cDNA molecules from different cells is that the cells or nuclei are randomly divided into wells and mixed with RT reagents with well-specific barcoded RT primers for cDNA synthesis, and then the cells in different wells are pooled and split into wells for second barcoding. Repeat the splitting and barcoding for another two cycles. The total of four times of splitting and barcoding is sufficient to make the cDNA molecules in one cell labeled differently from those in another cell. Finally, the cells are pooled for cDNA extraction, amplification, and sequencing. The resulting sequences are sorted based on cell-specific multiplexed barcodes. This method does not require custom equipment (e.g., Fluidigm C1 and 10X Genomics, etc.), making it accessible to all ordinary molecular biology laboratories at a low cost.
Major Uses of scRNA-seq

Identification of Cell Types in Tissues/Organs and Subpopulations of the Same Cell Type
One of the major uses of scRNA-seq is to dissect the cell types in tissues or organs. This kind of work usually results in identification of new cell types according to their differential and characteristic gene expression. scRNA-seq is extremely useful and probably the only way for identification of new cell types that are rare in quantity in a complex tissue. scRNA-seq analysis is also capable of identifying subpopulations of a known cell type, which are indistinguishable in morphology but do possess distinct gene expression signatures and functions. With this capability, scRNA-seq has brought a revolution to biomedical research. In recent years, a large number of new cell types and subpopulations in various tissues or organs has been identified in an amazingly quick manner. Understanding the roles of new cell types or subpopulations would certainly provide new insights into the physiological and pathological processes and is the direction and focus of future studies.
Shalek et al. [21] performed scRNA-seq on mouse bone-marrow-derived dendritic cells and found that they were heterogeneous in gene expression with a correlation of 0.29-0.62. They also found that when these cells were treated with lipopolysaccharide, they exhibited extensive bimodal variation in mRNA abundance of genes (including hundreds of key immune genes) and splicing patterns among the cells, suggesting the presence of distinct states or a subpopulation of the bone-marrow-derived dendritic cells [21] . Besides this work, Jaitin et al. [22] used scRNAseq to analyze splenic tissues and achieved marker-free decomposition of the tissue into multiple immune cell types, including distinct subpopulations of dendritic cells. scRNA-seq has also been used to analyze several other tissues or organs, including sensory neurons [23] , forebrain neurogenic zone [24] , hematopoietic stem cells [25] , intestine [26] , cortical region [27] , retinal bipolar neurons [28] , and blood cells [29] , resulting in identification of a large number of new cell types or subpopulations from these tissues.
Cell Differentiation and Cell Lineage Analysis in Development
Since scRNA-seq can identify any differences in gene expression among individual cells even of the same type, it is apparently the best way to track cellular state transitions during differentiation and to map cell lineages in development.
An open and fundamental question in embryonic development is when the blastomeres start to become different concerning gene expression and cell fate. It was generally thought that the earliest time for blastomere differentiation is the 8-or 16-cell stage. However, there was lack of evidence, particularly molecular evidence, for this speculation. Recently, Biase et al. [30] profiled single blastomeres in mouse 2-and 4-cell embryos and found distinct gene expression between the blastomeres even in 2-cell embryos. They further found that the distinct gene expression signature of the two blastomeres in 2-cell embryos can be passed down to the cells in the inner cell mass and trophectoderm, suggesting that the earliest cell differentiation in embryonic development takes place at the 2-cell stage. Huang et al. [31] performed a similar study, but concluded that the earliest differentiation of blastomeres is at the 4-cell stage.
Treutlein et al. [32] performed scRNA-seq analysis of the lung at different developmental stages. Based on the results, they classified lung cells into distinct groups, not only having confirmed the classical epithelial cell types in the distal lung, but having also discovered many other cell types or subpopulations. They further reconstructed lineage hierarchies of distal lung epithelium according to these findings.
By scRNA-seq, Pollen et al. [33] identified multiple new subpopulations of cells in the developing cortex. Later, Wang et al. [34] used scRNA-seq to analyze human developing neurons and identified distinct cell subpopulations and the determining regulators that govern their bifurcation.
scRNA-seq lineage analyses in development have been conducted for many developmental processes, e.g., myeloid progenitor cell development [35, 36] , heart development [37] [38] [39] , hematopoiesis [40] [41] [42] , early mesoderm [43] , and mouse early gastrulation [44] . In these studies, in addition to identification of new cell types or subtypes in the developmental processes, continuous gene expression spectrums were also snapshot at different stages of cell differentiation [45] [46] [47] [48] .
Most recently, Raj et al. [49] designed a more precise cell differentiation and lineage tracing approach that is based on CRISPR-Cas9 and scRNA-seq. They applied it to the study of zebrafish brain development and established lineage trees of brain development. This system uses transgenic multiple barcodes and inducible Cas9 expression such that Cas9 can be inducibly activated at multiple time points in development. As a result, the multiple barcodes were partially edited to mark the cells at different time points of cell differentiation and brain development, such that the relationship of brain cells in development can be clearly shown by the pattern of edited barcodes. They call this method scGESTALT.
Diseases
Like its uses in identifying cell types or subpopulations, tracing cell lineages in development, and snapshoting gene expression of cells in transition, scRNA-seq can also be used to decompose cell types, including the rare ones, in the lesions of disease, or to determine the cell trajectory in injury through the changes in gene expression, signaling pathways, and interaction network in the cells.
Patel et al. [50] performed scRNA-seq on primary glioblastoma and found that the cells were different in expression of the genes that are involved in oncogenesis, proliferation, immune response, hypoxia, and stemness; based on this, they were able to classify subtypes of the cells of glioblastoma. Similarly, metastatic melanoma was dissected by scRNA-seq and heterogeneity was observed among the cells, with some expressing genes of drug resistance program while some others did not. In addition, the presence of other cell types, including immune, stromal, and endothelial cells, was also identified, thus having provided novel insights into the multicellular ecosystem of melanoma [51] . Recently, scRNA-seq analysis was conducted on stem cells in chronic myeloid leukemia and revealed subpopulations of leukemia cells that are resistant to drug treatment and have distinct molecular signatures in gene expression [52] .
Circulating tumor cells (CTCs) are very useful for diagnosis and efficacy evaluation in the treatment of cancers. Miyamoto et al. [53] analyzed CTCs from patients with prostate cancer and found that they were highly heterogeneous in gene expression and that some CTCs were special in that Wnt signaling was activated in them. Sur-DOI: 10.1159/000492470 prisingly, further experiments showed that the activation of Wnt signaling in this fraction of CTCs underlay their resistance to drug treatment.
scRNA-seq of Th17 cells isolated from the central nervous system and lymph nodes at the peak of autoimmune encephalomyelitis has revealed the genes underlying pathogenicity and disease susceptibility [54] .
Genetics scRNA-seq can be used for genetic studies. One example is the identification of cell type-specific cis-eQTLs and coexpression QTLs in individual cells, which can provide a more precise relationship between cis-eQTL and coexpression QTLs. Van der Wijst et al. [55] conducted scRNA-seq on 25,000 peripheral blood mononuclear cells from 45 donors and identified not only the previously reported cis-eQTLs, but also new cell typespecific cis-eQTLs. They further generated personalized coexpression networks and identified genetic variants that significantly alter coexpression relationships. They termed this approach single-cell eQTL analysis.
Simultaneous transcriptomic, genomic, and epigenetic (DNA methylation) analyses of single cells can determine more precisely the "cause and effect" relationship between the genetic makeup and gene expression (even phenotypes, e.g., cancer). We will exemplify and discuss this issue in more detail later.
scRNA-seq Coupled with Various Other Features
A variety of methods and research approaches that are based on scRNA-seq have been developed for different purposes, leading to greatly extended use of scRNA-seq. Although these methods or approaches have not been tested with the kidney, they will certainly find their use in kidney research. In the following section, we will briefly describe these variant scRNA-seq methods.
Simultaneous Transcriptomic, Genomic, and Epigenomic Analyses of Single Cells
Several studies have developed methods that enable simultaneous genomic, epigenomic, and transcriptomic analyses in single cells. These methods include the one, termed scTrio-seq, which can acquire data of genomic copy number variations, DNA methylome, and transcriptome from single cells [56] . scTrio-seq analysis of cancer cells identified new subpopulations in hepatocellular carcinoma [56] . Another study that analyzed single nucleotide polymorphism as well as genomic DNA methylome and transcriptome in single cells (called scMT-seq) was also performed [57] .
Clark et al. [58] developed scNMT-seq, which allows simultaneous analyses of chromatin accessibility as well as DNA methylation and transcription in single cells. To map the sites of chromatin accessibility, GpC methyltransferase is used to label the open chromatin, followed by bisulfite and RNA sequencing. They analyzed mouse differentiating embryonic stem cells and found the links between the three sets of data and dynamic coupling between epigenomic layers during differentiation.
Simultaneous Transcript and Protein Analysis
It is known that protein levels are frequently inconsistent with the corresponding mRNA levels due to complex regulatory mechanisms that may interfere with each other. Although scRNA-seq is powerful in retrieving transcriptomic information from single cells, the heterogeneity information of proteins, which is associated with phenotypes more closely than RNA in individual single cells, is also desirable. Unfortunately, global protein profiling for single cells is currently not feasible. Nevertheless, efforts have been made to quantify a few proteins of interest during scRNA-seq. Stoeckius et al. [59] designed CITEseq (cellular indexing of transcriptomes and epitopes by sequencing). In this method, antibodies against multiple cell surface epitopes are labeled with oligonucleotides and then used to bind cells to be subject to scRNA-seq. The amount of antibody that is bound to the cell surface (which can be determined by the amount of oligonucleotides) reflects the amount of the corresponding proteins on the cell surface of single cells. These cells were subject to scRNA-seq, and the oligonucleotides linked to the antibodies were also sequenced, resulting in quantification of the proteins on the surface of individual single cells. Peterson et al. [60] conducted a similar study (REAP-seq) in which cells to be subject to scRNA-seq are first bound with 82 oligonucleotide barcoded antibodies such that the proteins to be detected can be quantified by the amount of specific oligonucleotides. In the study, they identified new cell types of CD8+ lymphocytes that have differential responses to CD27 agonist costimulation.
Noncoding RNA Sequencing and Profiling in Single Cells
Typical methods for scRNA-seq require cDNA synthesis which is primed by oligo-dT that anneals to the poly(A) tail of mRNA molecules. However, for many noncoding RNAs which do not have a poly(A) tail at the 3′ end, they are ignored by current methods of scRNA- seq. To solve this problem, Fan et al. [61] designed a method, called SUPeR-seq, for universal poly(A)-independent RNA sequencing. In this method, both polyadenylated and non-polyadenylated RNAs in individual single cells can be measured. Another method, called random displacement amplification sequencing (RamDAseq), has been also developed for non-polyadenylated RNA, including enhancer RNA sequencing [62] . Moreover, Faridani et al. [63] designed a method that is specific for small RNA, including miRNA, tRNA, and small nucleolar RNA.
Using scRNA-seq to Capture Rare Cell Populations or Molecular Dynamics scRNA-seq can identify cell types in tissues or capture molecular states in a cellular process. However, when the particular cell types are rare in quantity or the cell molecular states are very short temporally, it will be difficult for scRNA-seq to capture them. Habib et al. [64] developed a technique, which is called Div-seq, to enrich and identify a small amount of dividing neurons. They first pulse labeled proliferating neuronal cells by 5-ethynyl-2′-deoxyuridine (EdU) followed by nuclei isolation and fluorescence-activated cell sorting by using EdU fluorescence. The nuclei with fluorescence, which were from proliferating cells or the cells that were just divided, were subject to RNA-seq (i.e., single-nucleus RNA-seq [sNuc-seq]). This method can sensitively distinguish cells that are at different stages of proliferation, enabling detection of transcriptional dynamics in proliferating cells.
scRNA-seq Coupled with Functional Analysis Using CRISPR
Another important use of scRNA-seq is to dissect molecular circuits in cells by inactivating transcription factors using CRISPR technology followed by scRNA-seq. Dixit et al. [65] infected cells with viruses expressing sgRNAs that target a couple of tens of transcription factors. The virus titer was optimized such that only one or two transcription factors could be inactivated in each single cell. They then performed scRNA-seq on these cells and analyzed with bioinformatics. Eventually they generated molecular circuits based on the differential alterations of gene expression in response to lipopolysaccharide in the cells that had different transcription factors deleted. Similar studies were conducted to dissect the regulatory circuits in endoplasmic reticulum homeostasis, immune cells, and other cell types by using CRSPRi followed by scRNA-seq [66] [67] [68] .
Current Studies in the Field of Kidney Research That Used scRNA-seq
Single renal cell analysis was attempted two decades ago. However, due to technical limitations, the studies were based on RT-PCR analysis of the expression of known genes. Schröppel et al. [69] established a method for single-podocyte gene expression analysis, including collection of mouse glomerular podocytes and optimization of RT-PCR. This method was shown to work well in detecting genes known to be specifically expressed in podocytes. Huber et al. [70] isolated the cells at the ureteric bud tip of mouse embryos on embryonic day 17 (E17) and analyzed transcripts of Cl channel 2. They found that only a portion of the examined cells expressed this gene. Nissant et al. [71] performed RT-PCR analysis of the expression of chloride channels in distal convoluted tubules and found that their expressions are heterogeneous in the cell type. Except for these early studies of single renal cell analysis, there was essentially no further work employing single-cell analysis to study renal physiololgy and pathogenesis until recently when the highthroughput scRNA-seq technology became available.
Lu et al. [72, 73] used the Fluidigm C1 platform for single glomerular cell capture, lysis, RNA extraction, as well as cDNA synthesis and amplification in the microfluidic system. They determined the identity of each cell by PCR detection of the markers for podocytes or mesangial cells and then sequenced the cDNA. They found that both mesangial cells and podocytes are extremely heterogeneous in gene expression, with correlation coefficients of 0.20 (mesangial cells) and 0.25 (podocytes), respectively [72, 73] . They next identified genes expressed in every single mesangial cell or podocyte examined, and speculated that they are either essential for mesangial cells or podocytes to survive (therefore, being house-keeping genes) or essential for the unique structure and function of the cell types, without which the organism will not survive. Particularly, in mesangial cells they found high enrichment of genes involved in endothelial activity, supporting the long-existing notion that mesangial cells are specialized pericytes. Interestingly, they found that some mesangial cells express the marker genes of podocytes (e.g., Wt1) and of endothelial cells (Tie2, Flk1, Flt1/ Vegfr1) [72] . In podocyte scRNA-seq, by removing house-keeping genes that are also expressed in other glomerular cell types, they identified 92 genes that are specifically expressed in all individual podocytes. They speculated that these genes are candidates of podocyte-specific essential genes. They next tested the importance of 37 DOI: 10.1159/000492470 genes for podocyte cytoskeletons in cultured podocytes. The cytoskeleton was chosen for testing because podocytes have special cytoskeletons to make their unique structure and fulfill their fundamental role as part of the glomerular filtration barrier, and therefore the genes specifically essential for podocytes are highly likely associated with cytoskeletons. They found that deficiency of 30 of the 37 genes resulted in cytoskeletal injury of podocytes, suggesting that most of the 92 candidate genes are truly podocyte-specific essential genes and mainly involved in the maintenance of cytoskeletons for podocyte unique structure. This finding is consistent with the fundamental role of podocytes in the glomerular filtration barrier [73] . Their work based on scRNA-seq has greatly facilitated the identification of genes specifically essential for mesangial cells and podocytes.
Der et al. [74] performed scRNA-seq to dissect the molecular heterogeneity in lupus nephritis. scRNA-seq successfully distinguished not only the cell types of proximal tubules, loop of Henle, distal tubules, and collecting ducts, but also found that interferon scores based on tubular epithelial cells' scRNA-seq data of lupus nephritis patients correlate with renal clinical scores. Tang et al. [75] performed scRNA-seq analysis of zebrafish kidney that was deficient in several genes and investigated the consequence of the gene deficiencies; in addition, they uncovered several novel cell types.
Chen et al. [76] performed scRNA-seq on mouse renal collecting duct cells and created the database from which genes selectively expressed in each cell type of collecting duct can be found. Furthermore, they showed that a small fraction of hybrid cells expressed aquaporin-2 and anion exchanger 1 or pendrin transcripts. They additionally showed that mRNAs of receptors and their ligands were localized in different cells; for example, the receptor Notch2 was found in principal cells, while the ligand Jag1 was present in intercalated cells. These observations suggest a signaling cross-talk between these cell types.
Adam et al. [77] performed scRNA-seq on developing mouse kidney and generated a gene expression atlas of newborn mouse kidney at single-cell resolution. Magella et al. [78] also performed scRNA-seq of developing mouse kidney and unexpectedly identified the expression of Gdnf, a key driver of branching morphogenesis of the collecting duct system, in nephrogenic zone stromal cells. GDNF was previously thought to be solely from the cap mesenchyme nephron progenitors.
Recently, Park et al. [79] performed scRNA-seq analysis of 57,979 cells from healthy mouse kidney and identified 18 previously defined cell types and three new cell types. In addition, based on the scRNA-seq data, they inferred that inherited kidney diseases that arise from distinct genetic mutations but share the same phenotypic manifestation originate from the same cell type. They also noticed that collecting duct generates a spectrum of cell types via a new transitional cell type. Furthermore, by cell trajectory and lineage tracing analyses, they found that Notch signaling mediates the transitions of intercalated cells and principal cells; in disease the transitions were shifted towards a principal cell fate.
Mouse glomeruli have just been analyzed by scRNAseq at a large scale with a total of 13,000 glomerular cells being sequenced, resulting in mouse glomerular singlecell transcriptome atlas [80] . In this work, the authors identified three subpopulations of podocytes as well as a subset of endothelial cells exhibiting proliferative property as shown by expression of proliferation marker genes.
Perspectives
scRNA-seq has emerged as an extremely powerful tool for dissecting molecular processes in differentiation, structural and functional homeostasis, and injury of cells. In addition, it precisely and efficiently decompose the complex tissues concerning cell type makeup, leading to much better understanding of physiological and pathological mechanisms. Due to its power, scRNA-seq has rapidly become a routine tool for researchers, and the publications based on scRNA-seq technology have increased exponentially in the past several years. In the field of kidney research, however, the use of scRNA-seq appears not as adequate as in other fields (e.g., neuroscience, immunology, development, and cancer), as suggested by only a few publications of kidney research in which scRNA-seq was used. This limited number of studies has only exemplified the power of scRNA-seq for kidney research. There are many fundamental issues in kidney biology and diseases that can be addressed by and even only by scRNA-seq.
First of all, we still have not obtained the full atlas of single cell gene expression of all renal cell types of both normal mouse and human. Park et al. [79] performed the largest scale of kidney cell scRNA-seq so far with > 50,000 cells sequenced, and they identified 18 previously known renal intrinsic and immune cell types. In addition, they distinguished subpopulations of several known cell types and identified three new cell types in kidney. Nevertheless, further efforts are required to confirm additional previously known cell types and determine their molecu-Kidney Dis 2018;4:214-225 DOI: 10.1159/000492470 lar definition. Moreover, scRNA-seq will certainly identify more new cell types, especially subtypes, because it is known that there are more than 50 different compartments, segments, cell masses, etc. in a kidney (https:// en.wikipedia.org/wiki/Glomerulus_(kidney)#Sources), therefore the total number of cell types in kidney will be surely not smaller than 50. The aforementioned study by Park et al. [79] missed many other known cell types and thus likely additional new cell types or cell subtypes. The reason for their failure to detect the full spectrum of cell types could be due to the fact that many new cell types or subtypes have a very small proportion in entire cell mass of a kidney, making the 50,000 scRNA-seq not sufficient for detecting the rare cell types or subtypes. Another reason could be that many cell type may be vulnerable to the procedure for kidney cell dissociation and separation, leading to death and RNA degradation that might account for the failure of about 25% of single kidney cells in sequencing in the work by Park et al. [79] (only 43,745 out of 57,979 cells passed quality control and were analyzed). To overcome these potential problems, it is feasible to dissect only a specific portion of kidney tissues (e.g., proximal tubules or glomeruli) and to dissociate cells with an improved method for increased cell viability, such that the complexity of cell types will be reduced and cell viability will be increased, allowing the rare cell types to be picked up and analyzed. Indeed, Chen et al. [76] focused on only collecting duct for scRNA-seq and resolved the A-type intercalated cells, the B-type intercalated cells, principal cells, and hybrid cells that are between A-and B-type intercalated cells in gene expression. This approach gave rise to more precise dissection of cell types or subtypes compared with scRNA-seq of whole kidney, as described in the work by Park et al. [79] . Another example is the scRNA-seq of mouse glomeruli by Karaiskos et al. [80] . They resolved three subpopulations of podocytes in contrast with Park et al.'s [79] work based on scRNA-seq of entire kidney. In conclusion, a lot of work is required to dissect the cell types or subtypes in a kidney, particularly for the rare cell types or subtypes at a higher resolution.
Another important direction is the resolution of cell lineages during kidney development. The kidneys of E14.5 and newborn mouse embryos were analyzed by scRNA-seq [77, 78] , and 9 and 16 distinct cell types, respectively, were identified in those studies. However, the cell types and lineages at other developing stages are still lacking and deserve to be further explored to obtain more detailed views of molecular and cell lineage transitions during kidney development.
It has been mentioned earlier that scRNA-seq can be used to dissect pathological processes. Renal biopsies from lupus nephritis patients were analyzed by scRNAseq, and it was found that interferon scores from tubular epithelial cells' scRNA-seq data from lupus nephritis patients correlate with renal clinical scores [74] . Essentially, scRNA-seq can be used for any kind of kidney disease. By scRNA-seq analysis of the kidney at different stages of disease, the cell types or subtypes involved in the process, as well as the cellular states and molecular dynamics towards injury, would be revealed. In fact, scRNA-seq should be the only way to acquire this information. We expect that the available gene expression profiles obtained through conventional "bulk" microarray or RNA-seq will be replaced by a single-cell gene expression atlas based on scRNA-seq in the near future due to the intrinsic shortcomings of "bulk" profiling that include its inability of resolving gene expression in cell types or subtypes, capturing cellular states and molecular dynamics of a cell type or subtype towards differentiation or injury, and mapping molecular events to individual cells, as well as its requirement of a large number of cells for analysis (which is particularly problematic for human biopsies).
Elucidation of the origins of new cells in renal cell regeneration after injury or the extra cells that are part of a lesion (e.g., the crescents in glomerulonephritis) is certainly important with respect to clinical significance. There have been studies showing that tubular epithelial cells can be regenerated from certain intrarenal cells to compensate the cell loss in renal injury [81] , that tubular epithelial cells can switch to fibroblast cells to contribute to renal fibrosis [82] , and that some parietal epithelial cells have stem cell activity and can differentiate into podocytes upon glomerular injury and podocyte loss [83] . These observations were made mainly by transgenically labeling certain cell types and tracing their fates. This approach requires the use of known cell type-specific markers. However, there are several caveats in such studies in that many cell type-specific markers are not specific enough, as shown in the recent work by Lu et al. [72] ; besides, cell fate tracing in vivo requires a cell typespecific promoter and, unfortunately, the specificity of such promoters is of concern (e.g., activity leaking), as detailed in a review article by Romagnani et al. [84] . In this scenario, the use of scRNA-seq would be critical and even the only solution for such kind of studies. scRNAseq analysis is capable of identifying the cell types, including those that are rare, in the renal lesions, and it is also capable of determining the trajectory of cell transition DOI: 10.1159/000492470 with respect to molecular dynamics, thereby precisely mapping the origins of newly generated cells.
Although the essential genes of mouse mesangial cells and podocytes, including the cell type-specific essential genes that govern the unique structure and function of mesangial cells and podocytes, have been identified by scRNA-seq with a specially designed approach [72, 73] , similar work will have to be conducted for all renal cell types or subtypes in order to better understand the biology and pathogenesis of the cell types in kidney.
Lastly, regardless of the rapid improvement of the scRNA-seq technology, there are still some technical limitations and challenges that researchers need to be aware of in the use of scRNA-seq. (1) Due to the small amount of mRNA in a cell, the transcripts of only hundreds to thousands of genes are typically detected in most studies. This issue could be partly addressed by increasing the depth of sequencing. (2) The preparation of single-cell suspension can be difficult and lengthy, depending on the tissue types or organs, resulting in alteration of gene expression during the preparation of single-cell suspension. Thus, efforts must be made to optimize the procedure for quick single cell preparation. (3) Due to mRNA sequence feature and structure, the reverse transcription efficiency of different mRNA molecules is differential, resulting in biased representation of cDNA in scRNA-seq; in addition, mRNAs in each single cell are so little that their cDNAs need to be amplified by PCR, a technique that always gives rise to amplification bias depending on sequence feature and abundance of the cDNA. These two steps of RT-PCR both affect the accuracy of gene expression profiling by scRNA-seq. (4) scRNA-seq involves reverse transcription of mRNA, and oligo-dT is usually used to prime cDNA synthesis on polyadenylated mRNA. However, there are many mRNA species that do not possess a poly(A) tail at the 3′ end, making their reverse transcription into cDNA impossible, and thus their presence is ignored in scRNA-seq. (5) Unlike "bulk" gene profiling using cell population, it is very difficult to investigate the genome-wide correlation of mRNA levels with that of corresponding proteins in the same cells. (6) Due to the limited amount of materials in a cell for analysis, it is difficult to perform multiple omics analyses with the same cell in contrast with cell populations for which multiple omics analyses are feasible and easy. (7) Since scRNA-seq requires a relatively large number of cells for the automatic system of cell separation and capture, it will be challenging when human biopsies from patients are to be used for scRNA-seq. Nevertheless, attempts have been made to solve these problems, e.g., some studies have performed multiple omics analysis in single cells [56] [57] [58] [59] [60] , and several studies have used specially designed methods to allow non-polyadenylated RNA species to be detected in scRNA-seq [61] [62] [63] .
